Despite carrying out C 3 photosynthesis, wild watermelon (Citrullus lanatus sp.) exhibits exceedingly good tolerance to severe drought at high light intensities. However, the mechanism(s) by which this plant protects itself from photodamage has yet to be elucidated. In this study, we characterized wild watermelon cytochrome b 561 (cyt b 561 ), which potentially mediates regeneration of apoplastic ascorbate by transferring electrons from cytosolic ascorbate across the plasma membrane. Two cDNA species for wild watermelon cyt b 561 , designated CLb561A and CLb561B, were isolated. Levels of both CLb561A mRNA and protein were significantly elevated in the leaves during drought at a light intensity of 700 µmol photons m -2 s -1 . The transcript of CLb561B was detected to a much lesser extent, but no CLb561B protein was produced under any condition used in this study. A transient expression assay with the CLb561A::green fluorescent protein fusion construct showed clear fluorescence on the plasma membrane of onion epidermal cells. The CLb561A protein was enriched in the plasma membrane fraction in leaves of transgenic tobacco expressing CLb561A. Moreover, the high activity of apoplastic ascorbate oxidase (AO), which was able to dispose of cyt b 561 -transferred reducing equivalents, increased in leaves of wild watermelon grown at high light intensity, but not lower light intensities. Taken together, these observations suggest the occurrence of a novel pathway for excess light energy dissipation in wild watermelon leaves, where excessive energy absorbed by chloroplasts can be transported to and dissipated safely in the apoplasts through the cooperative action of cyt b 561 and AO.
Introduction
Absorption of light in excess of that required for photosynthesis has been implicated as one of the underlying factors causing damage to plants under various environmental conditions such as drought, low temperature and salt stress (Huner et al. 1998 , Asada 1999 , Mullineaux et al. 2000 , Wingler et al. 2000 , Yamamoto 2001 ). Under these conditions, excess photon energy has the potential to increase the production of reactive oxygen species (ROS), which can cause oxidative damage to cellular components such as DNA, proteins, lipids and pigments (Foyer et al. 1994 , Foyer and Harbinson 1999 , Apel and Hirt 2004 .
Plants have evolved various mechanisms to avoid and/or tolerate excess light conditions. For example, paraheliotropic movement of the leaves (Kao and Forseth 1992 , Terashima and Hikosaka 1995 , Pearcy 1998 ) reduces absorption of solar radiation when light is excessive. Excess light energy absorbed by PSII antennae Chl is dissipated as heat through a process called non-photochemical quenching (Demmig-Adams and Adams 1992, Müller et al. 2001) . The photorespiratory pathway (Wingler et al. 2000) and water-water cycle (Asada 1999, Ort and Baker 2002) can function as alternative sinks for photon energy when photosynthetic CO 2 assimilation is restricted. ROS produced in cells can be detoxified by an array of enzymatic and non-enzymatic scavenging systems (Apel and Hirt 2004) . However, severe excess light stress often over-rides these avoidance and/or tolerance mechanisms, causing a number of ROS-mediated irreversible reactions and ultimately killing the plant, especially domesticated crop and model plant species such as Arabidopsis (Foyer et al. 1994 , Yokota et al. 2002 .
High intensity light often affects plants under drought stress, for example under conditions such as those found in the Kalahari Desert where wild watermelon plants are able to grow without severe damage (Yokota et al. 2002) . Surprisingly, this species carries out normal C 3 photosynthesis, which is thought to be more susceptible to excess light stress than C 4 and Crassulacean acid metabolism modes of photosynthesis. Wild watermelon plants are able to maintain the photosynthetic apparatus and cell components of their leaves during prolonged drought in the presence of excess light (Kawasaki et al. 2000) , implying the presence of hitherto uncharacterized mechanism(s) of excess light energy dissipation. In an effort to elucidate the molecular mechanism of stress tolerance in this plant, drought and excess light stress-induced genes have been screened by mRNA differential display (Akashi et al. 2004 ). This analysis led to isolation of a cDNA fragment encoding cytochrome b 561 (cyt b 561 ), an enigmatic redox component with, as yet, elusive physiological functions.
Cyt b 561 is an intrinsic membrane protein containing six transmembrane helices and two heme molecules (Degli Esposti et al. 1989) . Cyt b 561 catalyzes trans-membrane electron transfer by oxidizing ascorbate (Asc) on one side of the membrane and reducing the one-electron oxidation product of Asc, monodehydroascorbate (MDA), on the other side (Njus et al. 1987 , Asard et al. 1992 . In mammals, cyt b 561 mediates intravesicular Asc regeneration in chromaffin granules of the adrenal gland and is thereby involved in the biosynthesis of noradrenaline (Njus et al. 1982 , Beers et al. 1986 , Flatmark 2000 . Ascorbate-reducible b-type cytochrome with an α-band maximum of the reduced protein near 561 nm was found to be ubiquitous in the plasma membrane fraction from various plant species and tissues at a high redox potential (E 0 ′ around +140 mV) (Asard et al. 1995 , Asard et al. 2001 . The trans-membrane electron transport activity of the plant cyt b 561 was also demonstrated with MDA as an electron acceptor (Horemans et al. 1994 , Asard et al. 1995 , suggesting its involvement in the regeneration of apoplastic Asc (Horemans et al. 2000) . Recent analyses demonstrated that plant cyt b 561 is localized not only in plasma membranes but also in the tonoplast (Griesen et al. 2004 , Shimaoka et al. 2004 , Preger et al. 2005 . Based on high sequence similarities with its mammalian counterparts, four genes of this family were annotated in the genome of Arabidopsis thaliana (Asard et al. 2001) . Nevertheless, the behavior of this protein family under environmental stresses has yet to be described, and its function in drought/excess light stresses remains to be elucidated.
In the present study, we characterized the structure, intracellular localization and expression of cyt b 561 protein in wild watermelon leaves. The expression profile suggests that the electron efflux from the cytosol to the apoplastic space is stimulated under excess light conditions. Moreover, we found unprecedentedly high activity of apoplastic ascorbate oxidase (AO) in wild watermelon leaves, suggesting that cyt b 561 -transferred reducing equivalents are efficiently utilized for reduction of dioxygen to water in the apoplasts. The possible contribution of this novel cyt b 561 -AO pathway in dissipation of excess light energy is discussed.
Results
Cloning and characterization of cyt b 561 cDNAs in wild watermelon
In our previous study, a partial cDNA fragment for wild watermelon cyt b 561 was isolated by mRNA differential display (Akashi et al. 2004) . To understand the molecular entity of this protein in more detail, a full-length cDNA clone was obtained by screening a cDNA library. Sequence analysis of the cDNA clone showed that it encodes a putative polypeptide of 232 amino acids (Fig. 1) . The deduced amino acid sequence of the protein showed 68, 57 and 49% similarity to CYBASC1 (accession No. NP_567723), CYBASC2 (NP_198679) from Fig. 1 Sequence alignment of wild watermelon, Arabidopsis thaliana and human cytochrome b 561 proteins. The deduced amino acid sequences of CLb561A (accession No. AB205222) and CLb561B (AB205223) from wild watermelon were aligned with CYBASC1 (accession No. NP_567723) and CYBASC2 (NP_198679) from Arabidopsis thaliana, and human cytochrome b 561 (AAH02976). Identical or similar amino acid residues are indicated by asterisks and dots, respectively. Arrowheads indicate the four conserved histidine residues that form putative ligands for two hemes. The trans-membrane regions predicted by SOSUI (http://sosui.proteome. bio.tuat.ac.jp/sosuiframe0.html) are underlined, and numbered (I-VI) from their Nterminus. The predicted MDA-binding site is boxed.
Arabidopsis and human cyt b 561 (AAH02976), respectively. The common structural features of cyt b 561 (Tsubaki et al. 1997 , Asard et al. 2001 , Bashtovyy et al. 2003 were also conserved in the deduced wild watermelon protein, such as six putative trans-membrane helices, two pairs of histidine residues for coordination of two hemes, and the SLHSW motif for binding MDA (Fig. 1) . We designated the wild watermelon protein CLb561A (Citrullus lanatus cytochrome b 561 -A; AB205222).
To gain information on other members of the cyt b 561 gene family in wild watermelon, cDNA fragments were amplified by PCR using degenerated primers designed from the conserved motifs in plant cyt b 561 . The amplified cDNA fragment was used to isolate the full-length clone. The isolated cDNA encoded another type of cyt b 561 , which we termed CLb561B (accession No. AB205223) (Fig. 1) . The deduced amino acid sequence of CLb561B contained typical structures of cyt b 561 , and showed 69, 64, 76 and 57% similarity to CLb561A from wild watermelon, CYBASC1 and CYBASC2 from Arabidopsis, and human cyt b 561 , respectively.
To estimate structural similarities among CLb561 proteins and other plant cyt b 561 , phylogenetic analysis was performed (Fig. 2) . The phylogenetic tree showed that CLb561A was most closely related to CYBASC1 from Arabidopsis, whereas CLb561B belonged to another cluster that contained CYBASC2 from Arabidopsis and Osb561-2 from rice.
Expression analysis of CLb561s
To examine the effects of light intensity during growth and drought stress on CLb561 mRNA levels in the leaves, we performed Northern blot analysis of CLb561 genes using plants grown at high and low light intensities (700 µmol photons m -2 s -1 , HL leaves; and 100 µmol photons m -2 s -1 , LL leaves, respectively). Drought treatment was imposed by withholding watering under the same light conditions. In both the HL and LL conditions, leaf conductance was reduced to about 10% of the original value on the second day of drought treatment (data not shown). To compare transcript levels of the CLb561 genes at HL and LL, total RNAs extracted from HL and LL leaves were transferred to the same membrane. As shown in Fig. 3A , expression of the CLb561A gene was higher under LL than HL under well-watered conditions. Interestingly, while accumulation of CLb561A mRNA was not altered significantly under LL conditions during drought treatment, the CLb561A mRNA increased remarkably with drought under HL conditions. In contrast, the level of CLb561B mRNA was quite low, and no change in CLb561B levels was evident between the HL and LL conditions even under drought.
CLb561A-and CLb561B-specific antibodies were raised against polypeptides corresponding to their deduced loop regions, as described in Materials and Methods, to analyze the protein levels of CLb561s. Cross-reactivity of the CLb561A and CLb561B antibodies to the reciprocal proteins was negligible as judged from the reactivity to CLb561A and CLb561B proteins expressed in transgenic tobacco under the control of the cauliflower mosaic virus (CaMV) 35S constitutive promoter (Fig. 3B) . Western blot analysis revealed a 23 kDa band corresponding to the expected molecular mass of CLb561A in the leaves of HL-grown watermelons; this was markedly induced on the third to fifth days of the drought treatment (Fig.  3C ). However, in the leaves of wild watermelon grown under LL conditions, the CLb561A protein did not accumulate before or after drought treatment, in contrast to its mRNA level (Fig.  3A) . Signals for the CLb561B protein were undetectable in both HL and LL leaves (Fig. 3C ), showing that the protein level of CLb561B in wild watermelon leaves was kept relatively low under the conditions examined in this study.
To test whether the drought/excess light induction of cyt b 561 is a unique phenomenon in wild watermelon plants, the protein level of CLb561A was compared between wild watermelon and its close relative, domesticated watermelon (Citrullus lanatus cv. Sanki). A marked difference in the drought/ excess light tolerance of these two plants has been described previously (Kawasaki et al. 2000) . As shown in Fig. 3D , no induction of CLb561A protein was observed in domesticated watermelon leaves during drought/excess light stress. Further, no CLb561B accumulation was detected in the domesticated watermelon leaves (data not shown). gla.ac.uk/rod/treeview.html). Protein names, accession numbers and respective homologous species are as follows: CLb561A (accession No. AB205222) and CLb561B (AB205223) from wild watermelon; CYBASC1 (NP_567723), CYBASC2 (NP_198679), CYBASC3 (BAD43924) and CYBASC4 (NP_173935) from Arabidopsis thaliana; Osb561-1 (XP_466997), Osb561-2 (XP_482138), Osb561-3 (XP_473298), Osb561-4 (AAP54504), Osb561-5 (XP_479649), Osb561-6 (XP_469562), Osb561-7 (AAP51894) from Oryza sativa; Craterostigma plantagineum (CAB64376); Mesembryanthemum crystallinum (AAD11424); and Zea mays (BAD24966).
Subcellular localization of CLb561A
The results obtained above indicate that genes for both CLb561A and CLb561B were transcribed, but only the CLb561A protein was induced in wild watermelon leaves under the stressful environmental conditions examined in this study. Therefore, we paid attention to the subcellular localization of this protein. To determine the subcellular localization of CLb561A, plasmid DNA encoding a translational fusion protein of CLb561A and green fluorescent protein (GFP) was delivered into onion epidermal cells by particle bombardment, ) conditions, and subjected to drought by withholding irrigation. A 20 µg aliquot of total RNA was separated on a 1.0% agarose gel, blotted on nylon membranes and hybridized with 32 P-labeled probes for CLb561A and CLb561B. Ethidium bromide-stained rRNA is shown as a loading control. (B) Western blot analysis of CLb561 proteins in leaves of transgenic tobacco that were introduced into the pBI121 vector without an insert (pBI121) as a negative control; overexpressing CLb561A (A-OE) and CLb561B (B-OE) were also used as positive controls. A 30 µg aliquot of total proteins was loaded per lane. (C) Effects of light intensity and drought treatment on accumulation of CLb561A and CLb561B proteins in wild watermelon leaves. Plant growth conditions and drought treatment were the same as in (A). A 30 µg aliquot of leaf membrane protein was subjected to Western blot analysis with CLb561A-and CLb561B-specific antibodies. (D) Comparison of CLb561A induction between wild and domesticated watermelon (Citrullus lanatus cv. Sanki). Plants were grown in high light (700 µmol photons m -2 s -1 ) conditions, and subjected to drought by withholding irrigation. Fig. 4 Targeting of the CLb561A::GFP fusion protein to the plasma membrane. CLb561A::GFP and non-fusion GFP were expressed transiently in onion epidermal cells by particle bombardment then visualized by confocal microscopy. To distinguish the plasma membrane from the cell wall, cells were plasmolyzed by 0.8 M sorbitol solution. Black and red arrows in C and F indicate cell walls and plasmolyzed plasma membranes, respectively. The nuclei are denoted by nu. and fluorescence was analyzed by confocal laser scanning microscopy. Cells expressing non-fused GFP showed fluorescent signals throughout the nucleus and cytosol as evidenced by cytoplasmic strands (Fig. 4D-F) . In contrast, cells expressing the CLb561A::GFP fusion showed fluorescent signals only at the cell periphery (data not shown). When these cells were plasmolyzed using high salt buffer to separate the plasma membranes from the cell walls, these signals were co-localized with the plasmolyzed plasma membranes (Fig. 4A-C) . In contrast, no GFP fluorescence was observed alongside the network of transvacuolar strands and invaginations, which are hallmarks of the central vacuole (Shimmen et al. 1995 , Czempinski et al. 2002 , in any of the cross-sections of the cells expressing the CLb561A::GFP fusion (Fig. 4A -C, and data not shown), demonstrating that the fusion protein was totally excluded from the tonoplast membranes. These results strongly suggest that CLb561A is exclusively localized in the plasma membrane.
The localization of CLb561A was also determined by subcellular fractionation using an aqueous polymer two-phase system. Since stressed wild watermelon leaves were too tough to be disintegrated properly, we used leaves of tobacco expressing CLb561A. A plasma membrane marker enzyme vanadatesensitive H + -ATPase (P-ATPase) was enriched in the polyethylene glycol (PEG) phase (Fig. 5A) . In contrast, the vacuole membrane marker nitrate-sensitive H + -ATPase (V-ATPase) was distributed evenly among the PEG and dextran phases. Considering the distributions of the marker enzymes, the plasma membrane was enriched in the PEG phase. Membranes in each phase were collected by centrifugation and subjected to SDS-PAGE (Fig. 5B) and then Western blot analysis (Fig. 5C ). The peptide composition of the plasma membrane-enriched phase was quite different from that of the dextran phase. Western blotting showed that the CLb561A protein was concentrated in the plasma membrane-enriched phase.
Occurrence of ascorbate oxidase in wild watermelon leaves
Induction of CLb561A suggests that regeneration of Asc from MDA is promoted in the apoplastic space of wild watermelon leaves under stress. To elucidate a link between CLb561A induction and other Asc-related redox components in the apoplasts, we examined the activity of AO, which catalyzes oxidation of Asc to MDA with concomitant four-electron reduction of molecular oxygen to water (Stark and Dawson 1963) . It has been argued that AO is a key component in regulation of the Asc redox state in apoplasts (Kerk and Feldman 1995, Pignocchi and . We found that AO activity was very high in wild watermelon leaves (Fig. 6A) . AO activity in the leaves of unstressed wild watermelon was 6.7 ± 2.5 mmol Asc min -1 m -2 , which was five times higher than that in leaves of domesticated watermelon (1.4 ± 0.28 mmol Asc min
) grown under the same conditions (Fig. 6A) . The value for wild watermelon plants expressed on a per total protein basis (0.99 ± 0.19 µmol Asc min -1 mg protein -1 ) was at least 20 times higher than those of other plants reported in the literature; for example, 0.05 ± 0.0 µmol Asc min -1 mg protein
for tobacco leaves ) and 3.95 ± 0.05 nmol Asc min -1 mg protein -1 for Cucurbita pepo leaves (Arrigoni et al. 2003) . Although AO activity in wild watermelon leaves decreased by approximately 20% under drought stress conditions, activities on the third and fifth days of drought stress were still 5.5 ± 0.27 and 5.5 ± 0.87 mmol Asc min -1 m -2 , respectively. These activities were still higher than those in leaves of domesticated watermelon under the same conditions and in leaves of other plants. To characterize AO activity further in wild watermelon leaves, the effect of light intensity during growth was examined. AO activities in the leaves of wild watermelon grown at light intensities of 250, 450 and 700 µmol photons m -2 s -1 were 3.7 ± 0.20, 3.2 ± 0.76 and 9.7 ± 2.2 mmol Asc min -1 m -2 , respectively, which were 3.1-, 2.6-and 8.1-fold higher, respectively, than AO activity at a light intensity of 100 µmol photons m -2 s -1 (1.2 ± 0.34 mmol Asc min -1 m -2 ) (Fig. 6B) . These results show that the level of leaf AO activity is positively modulated by the light intensity during growth as with expression of CLb561A protein in wild watermelon.
Since wild watermelon is the first case where high activity of AO occurs in leaves, we determined the subcellular distribution of the enzyme in its leaves by isolating an intercellular fluid (IWF) and particulate (cell wall) fraction. The IWF fraction obtained in this experiment contained no detectable activity of glucose 6-phosphate dehydrogenase (G6PDH; data not shown), indicating the integrity of the plasma membrane during the isolation of IWF. A quarter of the total AO activity in the leaves was present in the IWF fraction and 60% of the total activity was in the cell wall fraction (Table 1) .
Discussion
Warm deserts with low precipitation are the most extreme, harsh environments on Earth that restrict vegetation of plants. Under these conditions, plants experience both drought and light stresses at the same time. Limited water availability and a concomitant decrease in photosynthesis result in the accumulation of excess energy in the chloroplasts, generating toxic ROS that damages various cellular components (Foyer et al. 1994 , Asada 1999 . A vast majority of crop plants, especially those that carry out C 3 photosynthesis, do not exhibit tolerance to these conditions. Wild watermelon is one exceptional species that has effectively adapted to drought and excess light conditions (Yokota et al. 2002) .
Photosynthesis of wild watermelon leaves saturates at >500 µmol photons m 2 s -1 under well-watered conditions. As photosynthesis is saturated by light, the alternative electron flux that represents the flow of electrons not used by photosynthesis and other electron sinks become important . In a previous study, a few days of drought caused closure of stomata in light-saturated leaves under the conditions used in this study (Kawasaki et al. 2000) , triggering induction of various survival mechanisms in leaf cells.
The mRNA and protein levels of one isotype of cyt b 561 , CLb561A, but not CLb561B, were significantly elevated in wild watermelon leaves with drought and excess light stresses (Fig. 3) . To our knowledge, this is the first report showing that the level of expression for cyt b 561 was altered in response to environmental stresses in plants. The deduced amino acid sequence of CLb561A contained structural features typical of cyt b 561 (Tsubaki et al. 1997 , Asard et al. 2001 , Bashtovyy et al. 2003 , suggesting that CLb561A catalyzes oxidation of Asc on one side of the membrane and subsequent reduction of MDA to Asc on the other side, thereby committing to trans-membrane electron transfer. The induction of CLb561A suggests that trans-membrane electron transport is activated in wild watermelon leaves during drought and excess light conditions. The drought-triggered induction of the CLb561A protein was not observed when wild watermelon plants were grown under drought conditions at lower light intensity, suggesting that induction is strictly regulated and closely related to the occurrence of excess reducing equivalents under these stresses. The expression level of CLb561A mRNA under low light intensity was comparable with that under high light intensity, suggesting that a post-transcriptional mechanism plays a role in the regulation of CLb561A protein abundance. The molecular mechanism for this regulation remains to be examined.
Results of a transient expression assay using CLb561A:: GFP fusion and of subcellular fractionation experiments clearly suggested that CLb561A was present in the plasma membrane (Fig. 4, 5) . This is in contrast to a recent report on Arabidopsis CYBASC1, which co-localized with the tonoplast marker rather than that of plasma membrane in cell fractionation experiments (Griesen et al. 2004) . Wild watermelon CLb561A and Arabidopsis CYBASC1 shared 68% amino acid sequence homology, and structurally were closely related to each other, as shown in the phylogenetic analysis (Fig. 2) . However, wild watermelon did not induce CLb561A at all under moderate light conditions suitable for cultivation of Arabidopsis, but did under drought and strong light (Fig. 3) . Thus, the response of CLb561A to environmental stress is quite different from that of CYBASC1, and it is likely that functions and subcellular localizations differ greatly between these proteins.
AO activity was extraordinarily high in the leaves of wild watermelon (Fig. 6) . A major portion of the total activity was in the IWF and cell wall fractions (Table 1) and might have attached to the outer surface of the plasma membrane and/or cell wall. AO is a copper-containing homodimeric glycoprotein localized in the apoplasts (Messerschmidt et al. 1989 ) and known to be abundant in the fruit tissues of cucurbitaceous species (Stark and Dawson 1963) . In contrast, AO activity in the leaves is reported to be low (Ohkawa et al. 1990 ). Despite extensive studies on the structure, biochemistry and expression of AO, no clear physiological roles have been assigned for this enzyme. Occurrence of higher AO activities in expanding tissues (Lin and Varner 1991, Kato and Esaka 1999) and an auxin-induced increase in AO activity (Esaka et al. 1992, Takahama and Oniki 1994) have led to the proposal that AO might promote cell elongation. An alternative hypothesis for the role of AO is regulation of cell division through controlled apoplastic Asc levels, which has been implicated as a signal for the meristem cell cycle (Kerk and Feldman 1995, Pignocchi and . However, it is unlikely that these hypotheses explain the high AO activity of wild watermelon leaves, which are fully expanded, mature tissues with non-active cell cycles. Rather, it is more reasonable to assume that the high AO activity is related to the induction of CLb561A. Reducing equivalents in chloroplasts can be transported to the cytosol via malate/oxaloacetate shuttle (Heineke et al. 1991 , Fridlyand et al. 1998 , Scheibe 2004 . The transport of reducing equivalents from the cytosol to the apoplastic space via the cytosolic Ascglutathione cycle (Noctor and Foyer 1998) , MDA reductase attached to the cytosolic side of the plasma membrane (Bérczi and Møller 1998) and cyt b 561 has been proposed (Horemans et al. 2000) . The present study further proposes that accelerated Asc regeneration triggered by CLb561A induction replenishes this substrate for high AO activity in the apoplasts in wild watermelon leaves under harsh stress conditions. Potentially, this cyt b 561 -AO redox chain is capable of functioning as a device for excess light energy dissipation. In this chain, excess reducing equivalents in cytosol are transported to the apoplasts and used for reduction of oxygen to water.
In summary, this report shows that biochemical components involved in the proposed cyt b 561 -AO redox chain is significantly fortified in wild watermelon leaves during drought and excess light conditions. We propose that this cyt b 561 -AO redox chain can potentially function as a device for dissipation of excess light energy together with metallothionein 2 (Akashi et al. 2004 ) and citrulline (Kawasaki et al. 2000) . The potential of this cyt b 561 -AO pathway for energy dissipation remains to be evaluated. One possibility is that the cyt b 561 may be the limiting component for the flux of this pathway. Alternatively, glutathione reductase, the rate-limiting enzyme in the Ascglutathione cycle in the cytosol (Dat et al. 1998 , Edwards et al. 1990 ), may become the limiting factor for this pathway; if this is the case, the maximum electron flux in the redox chain would amount to about 10% of the maximum electron flux in photosynthesis under non-stressful conditions. However, future physiological, biochemical and transgenic research is required to address the degree to which this energy flow contributes to drought and excess light tolerance in wild watermelon.
Materials and Methods

Plant materials and growth conditions
Wild watermelon (C. lanatus sp. No. 101117-1) and domesticated watermelon (C. lanatus L. cv. Sanki) were grown essentially as described previously (Kawasaki et al. 2000) with various photon flux densities in 750 ml paper pots filled with standard horticulture soil. One hour after starting the light period (16 h), the plants were supplied with 1,000-fold diluted HYPONeX nutrient solution (HYPONeX JAPAN CORP., Osaka, Japan). Fully expanded fourth leaves of 2-week-old plants were used for the experiments. Drought treatment was imposed by withholding watering. Leaves were harvested and stored at -80°C prior to investigation.
Tobacco plants (Nicotiana tabacum L. cv. SR1) were geminated and grown for 2 weeks at 25°C on 0.2% gellan gum containing Murashige and Skoog medium and kanamycin (100 µg ml ). The plants were grown further on a soil mixture (Metro-Mix 350 : vermiculite = 2 : 1) in 200 ml vinyl pots in the growth chamber (photon flux density, 300 µmol photons m -2 s -1 ; photoperiod, 16 h; temperature, 25°C, relative humidity, 60%).
Isolation and identification of CLb561 cDNAs
The full-length cDNA clone for CLb561A was isolated by screening a cDNA library as described previously (Kawasaki et al. Cyt b 561 and ascorbate oxidase in wild watermelon 1522 2000), using a partial cDNA clone for cyt b 561 (Akashi et al. 2004 ) as the probe. To isolate the second cDNA for cyt b 561 , degenerate reverse transcription-PCR (RT-PCR) was conducted according to a standard protocol (Sambrook and Russell 2001) using total RNA prepared from drought/excess light-stressed leaves and the following oligonucleotides as primers: 561-F (5′-GGISARGCTATIHTIDCIYAYAAR-3′) and 561-R (5′-CCIADCCAISWRTGIARISWRTA-3′). The resultant fragment was cloned into a plasmid vector and used as a probe to isolate full-length cDNA clones by screening the cDNA library.
Multiple sequence alignments were made using GENETYX-MAC software (GENETYX Corporation, Tokyo, Japan). A phylogenic tree was constructed using Clustal W (http://www.ddbj.nig.ac.jp) and visualized by TreeView (http://taxonomy.zoology.gla.ac.uk/rod/ treeview.html).
Transgenic plants
Transgenic tobacco plants (N. tabacum L. cv. SR1) overexpressing CLb561 proteins under the control of the CaMV 35S constitutive promoter were produced as follows. The full-length cDNAs encoding CLb561A and CLb561B were amplified by PCR with the following primer sets: b561A-OE-F (5′-GAGCCCGGGATGGCACT-AGCAGTTAA-3′; the SmaI restriction site is underlined) and b561A-OE-R (5′-GCATGAGGAGCTCTCATATCGCAGA-3′; the SacI restriction site is underlined) for CLb561A, and b561B-OE-F (5′-TAGTGGATCCAATGGCGGTTCCCCT-3′; the BamHI restriction site is underlined) and b561B-OE-R (5′-CATCGAGCTCTCATCCTAC-TCTGCTAG-3′; the SacI restriction site is underlined) for CLb561B. The amplified fragments were digested with restriction enzymes and were subcloned into restriction enzyme-digested binary vector pBI121 (Chen et al. 2003) . As a result, the β-glucuronidase gene in pBI121 was replaced by CLb561 cDNAs. After the constructed vectors were introduced into Agrobacterium tumefaciens strain C58C1Rif
R by electroporation, leaf disk transformation was performed as described previously (Horsch et al. 1985) . T 1 control line seeds and T 2 CLb561A-and CLb561B-overexpressing line seeds were obtained. The T 2 generation of control lines and the T 3 generation of CLb561A-and CLb561B-overexpressing lines were used in all experiments
Northern blot analysis
Total RNAs were extracted using TRIzol reagent (Invitrogen, Carlsbad, CA, USA) according to the manufacturer's instructions then purified by LiCl solution to remove polysaccharides (Wilkins and Smart 1996) . Single-stranded 32 P-labeled probes were prepared by asymmetric PCR (Sambrook and Russell 2001) using the following primer pairs: 5′-ATATTGGCCGTCGGCAACTCGG-3′ and 5′-GCAT-GAGGAGCTCTCATATCGCAGA-3′ for the CLb561A probe; and 5′-TAGTGGATCCAATGGCGGTTCCCCT-3′ and 5′-CATCGAGCTCT-CATCCTACTCTGCTAG-3′ for the CLb561B probe. Northern blot analyses were performed as described previously (Sambrook and Russell 2001) .
Western blot analysis
Leaf samples (100-200 mg) were homogenized in liquid nitrogen with a mortar and pestle then resuspended in 1 ml of extraction buffer [10 mM potassium phosphate buffer (pH 7.0), 1 mM EDTA, 10 mM Asc and 1 mM phenylmethylsulfonyl fluoride (PMSF)]. The homogenate was then centrifuged at 16,000×g for 10 min at 4°C. The pellet was resuspended in 1 ml of the same buffer and centrifuged under the same conditions. This washing procedure was repeated twice. Total membrane proteins were extracted according to the method of Martínez-García et al. (1999) .
For full denaturation, membrane protein samples were kept at 37°C for 1 h, rather than boiling, to prevent aggregation of membrane proteins (Duong and Fleming 1982, Kashino 2003) . Proteins were separated by 12.5% SDS-PAGE, and transferred to polyvinylpolypyrrolidone (PVDF) membranes (Immun-Blot ® PVDF Membrane for Protein Blotting, BIO-RAD Laboratories, Hercules, CA, USA) according to the manufacturer's instructions. Membranes were blocked for at least 1 h in 5% non-fat dried milk in Tris-buffered saline (pH 7.4) supplemented with 0.1% Tween-20. The membranes were incubated with a 1 : 1,000 dilution of polyclonal antibodies as the primary antibody, washed, and reacted with a 1 : 10,000 dilution of horseradish peroxidase-conjugated secondary antibody (AP124P, CHEMICON International, Inc., Temecula, CA, USA). Antigen-antibody complexes were detected using an ECL-Plus Kit (Amersham Biosciences Corp., Piscataway, NJ, USA).
Specific antibodies for CLb561 proteins were raised against synthetic peptides, GSADLRRAC, which is located in the fourth loop region of CLb561A, and CVIAPSNAKGDVNRGLAE, which is located in the C-terminal region of CLb561B. Antibodies against these peptides were produced by Operon Biotechnologies, Inc. (Tokyo, Japan) and Sigma-Aldrich Japan K.K. Genosys Division (Hokkaido, Japan), respectively. The specificity of the antibodies for the CLb561 proteins was tested using transgenic tobacco plants overexpressing CLb561 proteins.
Preparation of plasma membrane-enriched fraction
Fresh tobacco leaves (50 g) were homogenized in a blender with 3 vols of buffer containing 0.25 M sucrose, 50 mM Tris-HCl (pH 7.5), 2 mM EDTA, 5 mM dithiothreitol, 0.7% (w/v) PVPP and 1 mM PMSF. After filtration through four layers of gauze, the homogenate was centrifuged at 10,000×g for 15 min. Membranes are obtained from the supernatant by centrifugation at 60,000×g for 1 h. The plasma membrane-enriched fraction was isolated from the total membrane fraction using an aqueous polymer two-phase system as described previously (Larsson et al. 1987 , Larsson et al. 1994 ) with some modifications. The total membrane pellets were resuspended in 5 ml of 0.33 M sucrose, 5 mM potassium phosphate pH 7.8, 3 mM KCl, 1 mM dithiothreitol and 0.1 mM EDTA. The total membrane fraction (5 g) was added to a 15 g phase system to give a 20 g phase system with a final composition of 6.2% (w/w) each of dextran T-500 (Amersham Biosciences Corp., Piscataway, NJ, USA) and PEG 3350 (Sigma, St Louis, MO, USA), 0.33 M sucrose, 5 mM potassium phosphate pH 7.8, 3 mM KCl, 1 mM dithiothreitol and 0.1 mM EDTA. The final upper and lower phases were diluted at least 10-fold with the suspension buffer containing 0.25 M sucrose, 50 mM Tris-HCl pH 7.5 and 5 mM dithiothreitol, centrifuged at 100,000×g for 1 h and suspended in a small volume of the suspension buffer. All procedures were run at 0-4°C. Marker enzyme activities of those fractions were measured immediately after preparation by the methods of Hodges and Leonard (1974) .
Subcellular localization of CLb561A::GFP fusion protein
The GFP fusion vector pTH2SASKX was constructed from pTH2XA (Kohchi et al. 2001 ) by cassette replacement as follows: synthetic double-stranded DNA was made from two annealed complementary single-stranded oligonucleotides: SASKX-F (5′-CATAACTA-GTGGGCCCAGACTCGGTACCC-3′) and SASKX-R (5′-TCGAG-GGTACCGAGCTCGGGCCCACTAGT-3′). The cassette was then inserted between the NcoI and XhoI sites of pTH2XA. As a result, the NcoI site was deleted from the vector, and additional multicloning sites for SpeI, ApaI, SacI, KpnI and XhoI were introduced downstream of the CaMV 35S promoter and upstream of the GFP coding region.
The entire region of the CLb561A coding sequence was amplified by PCR with the following primers: b561A-SASKX-F (5′-GGA-GAGGGGCCCATGGCACTAGCAGTTAA-3′; the ApaI restriction site is underlined) and b561A-SASKX-R (5′-GAGGAGGTACCCTA-TCGCAGAATAATCGCC-3′; the KpnI restriction site is underlined). Fragments were digested using restriction enzymes and inserted into pTH2SASKX for preparing translational fusion with GFP.
The construct was introduced into onion epidermal cells by particle bombardment (PDS-1000/He apparatus; Bio-Rad, Hercules, CA, USA) as described previously (Muramoto et al. 1999) . After overnight incubation, the fluorescence derived from the CLb561A::GFP fusion proteins was observed by confocal laser scanning microscopy (LSI510; Carl Zeiss, Jana, Germany).
Assay of AO activity
Disks (130 mm 2 ) from the fourth leaves were homogenized with 1 ml of 50 mM potassium phosphate buffer (pH 7.0), 1 M KCl, 10 mM 2-mercaptoethanol, 1.5% (w/v) PVPP and 1 mM PMSF, and centrifuged at 12,000×g for 20 min at 4°C. The resultant supernatant was then used immediately for the enzyme assay essentially as described previously (Hayashi and Morohashi 1993) with the following modifications. AO activity was determined in a reaction mixture containing 48.5 mM potassium phosphate (pH 5.3), 0.5 mM Asc and 20 µl of leaf extract to a final volume of 1 ml. Oxidation of Asc was monitored at 25°C by tracing the decrease in A 290 (ε = 2.8 mM -1 cm -1 ; Miyake and Asada 1992).
Preparation of IWF and particulate fraction of leaves
IWF and the particulate fraction were extracted from the fourth leaves according to Pinedo et al. (1993) and Sanmartin et al. (2003) with minor modifications. The fourth leaves were detached and cut lengthwise into strips 1.5 cm wide. After rinsing the cut surface with distilled water, leaf strips were immersed in buffer containing 50 mM HEPES-KOH pH 7.6, 0.1 M CaCl 2 , 10 mM 2-mercaptoethanol and 0.1% (w/v) Tween-20, and then vacuum infiltrated twice (2 min each). The strips were then blotted dry and inserted into a syringe placed over a falcon tube. IWF was collected by centrifugation at 1,500×g for 20 min at 4°C. This procedure was repeated twice more on residual leaf strips. Following the extraction of IWF from the leaf strips, residual leaf strips were homogenized with a mortar and a pestle in liquid nitrogen and soluble proteins were extracted with 10 mM HEPES-KOH (pH 7.6), 10 mM 2-mercaptoethanol, 1.5% (w/v) PVPP and 1 mM PMSF. Supernatant was recovered by centrifugation at 10,000×g for 15 min at 4°C. After the pellet was washed by the buffer without PVPP twice by vortex, the particulate fraction was extracted using a mortar and a pestle with 50 mM HEPES-KOH (pH 7.6), 1 M CaCl 2 and 10 mM 2-mercaptoethanol. The cell wall fraction was collected by centrifugation as described above. The process was repeated once more on the residual pellet. AO activity was measured with 50 mM MES-KOH (pH 5.3) in place of potassium phosphate since phosphate generated insoluble aggregates with Ca 2+ . Oxidation of Asc was monitored as describe above. G6PDH (EC 1.1.1.49) activity was measured to check the degree of cytosolic contamination in IWF according to Lyons et al. (1999) .
